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Efficient electron-refrigeration based on a normal-metal/spin-filter/superconductor junction is proposed and
demonstrated theoretically. The spin-filtering effect leads to values of the cooling power much higher than in
conventional normal-metal/nonmagnetic-insulator/superconductor coolers and allows for an efficient extraction
of heat from the normal metal. We demonstrate that highly efficient cooling can be realized in both ballistic and
diffusive multi-channel junctions in which the reduction of the electron temperature from 300 mK to around 50
mK can be achieved. Our results indicate the practical usefulness of spin-filters for efficiently cooling detectors,
sensors, and quantum devices.
PACS numbers:
The flow of charge current in N/I/S (normal metal/insulator/
superconductor) tunnel junctions at a bias voltage V is accom-
panied by a heat transfer from N into S. This phenomenon
arises due to presence of the superconducting energy-gap ∆
which allows for a selective tunneling of high-energy ”hot”
quasiparticles out of N. Such a heat transfer through N/I/S
junctions can be used for the realization of microcoolers.1–4
Present state-of-the-art experiments allow the reduction of the
electron temperature in a normal metal lead from 300 to about
100 mK, offering perspectives for on-chip cooling of nano or
micro systems, such as high-sensitive sensors, detectors and
quantum devices.5–7
However, a serious limitation of the performance of N/I/S
microcoolers arises from the intrinsic multi-particle nature of
charge transport in N/I/S junctions which is governed not only
by single-particle tunneling but also by two-particle processes
due to the Andreev reflection.3 While the single-particle cur-
rent and the associated heat current are due to quasiparticles
with energies E > ∆, at low temperatures or high junction
transparencies the charge transport in N/I/S junctions is dom-
inated by a subgap process: the Andreev reflection. In such a
process, electrons with energies smaller than ∆ are reflected as
holes at the N/I/S interface, leading to the transfer of a Cooper
pair into the superconductor. Since the energy of the electrons
and holes involved in the process are symmetric with respect
to the Fermi energy, there is no heat current through the inter-
face. However, by applying a subgap bias across the junctions
the Andreev reflection results in a finite charge current IA flow-
ing through the N/I/S system. Due to finite resistance of the
normal metal, this current generates Joule heating IAV , which
is entirely deposited in the normal metal.8–10 This heating ex-
ceeds the single-particle cooling at temperatures low enough,
and therefore the suppression of Andreev processes is desir-
able for an efficient cooling.
One way to decrease the Andreev current is by decreasing
the N/I/S junction transparency. However, large contact re-
sistance hinders ”hot” carrier transfer and leads to a severe
limitation in the achievable cooling powers. In order to in-
crease the junction transparency and at the same time to re-
duce the Andreev current, it was suggested to use ferromag-
netic metals (FM).11,12 Giazotto and co-workers have theo-
retically investigated the cooling of a clean N/FM/S junction
and predicted an enhancement of the cooling power compared
to N/I/S junctions due to the suppression of the Andreev Joule
heating.11 In order to realize such an efficient cooler, however,
challenging half-metallic FMs13 with extremely-high spin-
polarization P > 0.94 are needed.
In the present work we theoretically propose an alternative
N/I/S microcooler with a ferromagnetic insulator as a tunnel-
ing barrier which acts as a spin-filter. This was demonstrated
in experiments using europium chalcogenides tunneling barri-
ers.14 The spin-filtering effect suppresses the Andreev reflec-
tion in a N/spin-filter(SF)/S junction as the one shown in Fig.
1(a).15,16 We show that this suppression leads in both, ballis-
tic and diffusive, N/SF/S junctions to dramatic enhancement
of the cooling power which gives rise to a dramatic reduction
of the final achievable electron temperature.
In order to illustrate the basic cooling mechanism using
spin-filters we first consider a one-dimensional clean N/SF/S
junction [Fig. 1(a)]. In the following we set h¯ = 1. The SF
barrier can be modeled by a spin-dependent delta-function po-
tential [see Fig. 1(a)], i.e., Vσ (x) = (V +ρσU)δ (x), where
V is the spin-independent part of the potential, U is the
exchange-splitting, and ρσ =−(+)1 for up (down) spins.15,17
The degree of the spin-filtering is characterized by the
spin-filtering efficiency P =
∣∣t↑− t↓∣∣/(t↑ + t↓), where tσ =
1/
[
1+(Z+ρσS)2
]
is the transmission probability of the SF
barrier for spin σ with m, kF , Z ≡ mV/kF , and S ≡ mU/kF
being the mass of electrons, the Fermi wave number, the nor-
malized spin-independent and -dependent potential barrier-
height, respectively. For a perfect SF (t↑ > 0 and t↓ = 0), we
get P = 1.
2FIG. 1: (a) The schematic of a clean normal-metal/spin-
filter/superconductor (N/SF/S) cooler and the delta-function model
of an SF barrier which allows the spin-selective tunneling and the
suppression of the Andreev reflection. (b) The differential conduc-
tance G for various values of P vs the bias voltage V at T = 0K for an
N/SF/S junction with t↑ = 0.1. GN is the conductance of a N/SF/N
junction, ∆0 is the superconducting gap at T = 0K, and P is the spin-
filtering efficiency.
The normal-reflection probability Bσ and the Andreev-
reflection probability Aσ of the junction are obtained by solv-
ing the Bogoliubov-de Gennes equation
[
H0−ρσUδ (x) ∆(x)
∆∗(x) −H0 +ρσUδ (x)
]
Φσ (x) = EΦσ (x), (1)
together with the appropriate boundary conditions at the SF
barrier (x = 0),15 where H0 is the spin-independent part of the
single-particle Hamiltonian, i.e., H0 = −∇2/2m +Vδ (x)−
µF , ∆(x) = ∆(T )eiφ Θ(x) is a pair potential [φ is the phase
of the pair potential and Θ(x) is the Heaviside step function],
Φσ (x) is the eigenfunction, and the eigenenergy E is mea-
sured from the chemical potential µF .
We first focus on the spin-dependent charge-transport of
the junction and address the suppression of the Andreev re-
flection by the spin-filtering effect. The voltage V depen-
dence of the differential conductance G of the system can
be calculated from the Blonder-Tinkham-Klapwijk formula,18
G = (e2/2pi)∑σ=↑,↓ (1−Bσ +Aσ )|E=eV . In Fig. 1(b) we
plot the spin-filtering efficiency P dependence of G/GN vs
eV/∆0 for a junction with t↑ = 0.1 at T = 0K, where GN =
(e2/2pi)(t↑+ t↓) is the conductance of a N/SF/N junction and
∆0 ≡ ∆(T = 0K). When P is increased, the sub-gap conduc-
tance for |eV | ≤ ∆0 is largely reduced.15 Importantly if P = 1,
the Andreev reflection is completely inhibited, indicating that
the SF would suppress the unwanted Andreev Joule heating.
To see the benefit of the spin-filtering effect on the elec-
tron cooling, we calculate the cooling power (the amount of
heat extracted from N to S) by using the Bardas and Averin
formula,8 ˙Q=(e/pi)∑σ=↑,↓
∫
∞
−∞ dE[E(1−Bσ−Aσ )−eV(1−
Bσ +Aσ )][ f (E−eV )− f (E)], where f (E) is the Fermi-Dirac
distribution-function. The positive (negative) ˙Q means the
cooling (heating) of N. In the calculation, we have determined
∆(T ) by solving the BCS gap equation numerically. The P
dependence of the cooling power ˙Q vs the bias voltage V
for t↑ = 0.1 is shown in Fig. 2(a). We have assumed that
FIG. 2: (a) The cooling power ˙Q vs the bias voltage V of a clean
N/SF/S refrigerator with t↑ = 0.1 at T = 0.5Tc for several spin filter-
ing efficiencies P. (b) The maximum cooling power ˙Qmax as a func-
tion of P at T = 0.5Tc for several values of t↑. The dotted line is the
theoretical upper-limit of ˙Qmax ≈ 0.001(∆20/2pi) for N/I/S refrigera-
tors, which is achieved in the case of T/Tc ≈ 0.5 and t↑ = t↓ ≈ 0.05.
Inset: The temperature T dependence of ˙Qmax for several values
of P. The dashed curve shows ˙Qmax for an N/I/S refrigerator with
t↑ = t↓ = 0.05.
3T = 0.5Tc, where Tc is the superconducting transition tem-
perature. If we increase P, the cooling power ˙Q is largely
enhanced. This result is attributed to the suppression of the
Andreev reflection and the undesirable Andreev Joule heat-
ing. Therefore we can conclude that the spin-filtering effect
boosts dramatically the cooling power with respect to conven-
tional N/I/S coolers. In Fig. 2(b) we plot the spin-filtering effi-
ciency P dependence of the cooling-power ˙Qmax at T = 0.5Tc
and the optimal bias voltage V = Vopt in which ˙Q is max-
imized as a function of V . The maximum cooling-power
˙Qmax can be achieved in the case of the perfect SF (P = 1)
because of the complete suppression of the Andreev reflec-
tion. Notably for the case of a large t↑ = 0.3 and P = 1,
the amount of heat extracted from N can be about a factor
of 15 larger than the theoretical upper-limit of ˙Qmax for con-
ventional N/I/S coolers [ ˙Qmax ≈ 0.001(∆20/2pi)], which can be
achieved for t↑ = t↓ ≈ 0.05 and T/Tc ≈ 0.5 [see the dotted line
in Fig. 2(b)].8 It is crucial to note that even for small P val-
ues [e.g., P > 0.0 for t↑ = 0.05], ˙Qmax overcomes the upper
limit of N/I/S coolers. By calculating the temperature depen-
dence of ˙Qmax, we also found that the ˙Qmax is maximized at
around T ≈ 0.5Tc irrespective of the value of P [see the inset
in Fig. 2(b)].
To discuss the practical applicability of SF-based coolers,
next we consider a more realistic diffusive N/SF/S junction in
which the elastic scattering length l ≪ ξ , where ξ =√D/2∆
is the superconducting coherence length and D is the diffu-
sion coefficient (in the following for simplicity we assume the
same D in the whole structure). We assume that the SF is a
tunnel barrier and the N reservoir is infinite along the x direc-
tion [see the inset in Fig. 3(a)].
The cooling power is given by the expression ˙Q = −IE −
IV , where I and IE are the charge and energy currents respec-
tively. One can express ˙Q in terms of the contributions from
the single-particle (|E| > ∆) and the Andreev (|E| < ∆) pro-
cesses10 as ˙Q = ˙Q1 + ˙QA, where ˙Q1 = −IE1 − I1V and ˙QA =
−IEA − IAV . Here IE1(A) and I1(A) are respectively the single-
particle (Andreev) energy-current and the single-particle (An-
dreev) charge-current. Importantly, the contribution of the
Andreev processes to the energy current vanishes, IEA = 0.
Therefore the Andreev process contributes only to the Joule
heating (i.e. ˙QA = −IAV ), which is fully released in the N
electrode and leads to a severe reduction of the cooling power.
In order to compute the charge and energy cur-
rents through the junction we use the quasiclas-
sical Green’s function (GF) technique. These
are given by19 I = (σNA /8e)
∫
∞
0 dE Tr
[
τ3 ˇJK
]
and
IE = (σNA /8e2)
∫
∞
0 dEE Tr
[
τ0 ˇJK
]
, where σN is the
conductivity of N, A is the junction area, τ0 is the unit ma-
trix, τ3 is the Pauli matrix in the Nambu space, ˘J = ˘G∂x ˘G is
the matrix current, and ˘G is the quasiclassical GF which is a
8× 8matrix in the Keldysh × Nambu × spin space. In order
to compute the currents I and IE we assume a large SF barrier
resistance RN , such that ξ/(RNσNA )≪ 1. This assumption
allows for a linearization of the Usadel equation20 in the nor-
mal metal.12 The effect of the spin-filter barrier is included
in the boundary conditions for the Usadel equation which has
been recently derived in [16]. According to the latter refer-
FIG. 3: (a) The maximum cooling power ˙Qmax as a function of the
temperature T for a diffusive N/SF/S junction shown in the inset and
different values of P. (b) The dependence of ˙Qmax on P for T/Tc=0.7
(red), T/Tc=0.5 (blue), and T/Tc=0.3 (black). Other parameters are
A = 1 µm2, σN = 0.015 (µΩcm)−1 and RN = 1.0 MΩ. Inset: The
refrigeration efficiency η as a function of T . The horizontal dotted
line in (a) and (b) is the theoretical upper-limit of ˙Qmax for diffusive
N/I/S junctions, which is achieved in the case of A = 1 µm2, σN =
0.015 (µΩcm)−1, RN = 2.7 MΩ, and T/Tc = 0.45. (c) The electron
temperature Te as a function of V for different values of P and Tl =
TS = 300 mK. Inset: the minimum electron temperature T mine as a
function of the starting lattice temperature Tl (= Te at V = 0) for
P = 1. As a reference we show T mine = Tl line. We have chosen
Σ = 2×10−9 WK−5µm−3, V = 0.5 µm3, and ∆ = 180 µeV.
ence the Andreev reflection is proportional to
√
1−P. Thus,
by increasing P we expect a suppression of the unwanted
Andreev Joule heating, i.e. an enhancement of the cooling
power, as it turns our from our quantitative analysis below.
By following the procedure described above, we compute
numerically the cooling power ˙Q of our system as a func-
4tion of the different parameters. We assume a junction area
A = 1 µm2, a conductivity of N σN = 0.015 (µΩcm)−1,6 and
RN = 1.0 MΩ.14 In Fig. 3(a), we plot the maximum cooling
power ˙Qmax as a function of temperature T . As in the ballis-
tic junction limit ˙Qmax increases dramatically by increasing P
reaching much larger values than for a diffusive N/I/S cooler
[the dotted line in Fig. 3(a) and (b)], which is achieved in the
case of A = 1 µm2, σN = 0.015 (µΩcm)−1, RN = 2.7 MΩ,
and T/Tc = 0.45. Moreover, the window of positive values
for ˙Qmax is larger for the larger P. As for the N/I/S junctions,
there is a maximum value of temperature, Tmax ∼ 0.75Tc for
which cooling is achieved [c. f. Fig. 3(a)]. This maximum
value holds for a wide range of parameters.10,12 and is due to
the increase of the number of thermally excited quasiparticles
that contribute to the Joule heat. By lowering the temperature
from T = Tmax, the cooling power (at optimal bias Vopt) first
increases, reaches a maximum and finally decreases due to
the Joule heat produced by the Andreev processes. At certain
temperature the cooling power tends to zero, which defines
the lowest temperature for the cooling regime.
In Fig. 3(b) we show the dependence of the cooling power
on the spin-filter efficiency P. For all temperatures ˙Qmax in-
creases monotonically by increasing P. The efficiency of a
refrigerator is characterized by the ratio between the optimum
cooling-power and total input power: η = ˙Qmax/IVopt. The
inset of Fig. 3(b) shows the temperature T dependence of η
for several P values. For a fully polarized SF barrier (P = 1),
η reaches up to 23%, which is mach larger than that for the
optimum N/I/S cooler (η = 15%) and comparable to that for
a half-metallic N/FM/S cooler with P = 1.3 We can then con-
clude that the spin-filtering effect gives rise to highly efficient
refrigeration.
Next we evaluate the final electron temperature of the nor-
mal metal, so we need to consider the mechanism of energy
transfer. In this case the electron temperature depends on the
efficiency with which heat generated in the electron popula-
tion can be transferred to the low-temperature bath. Due to the
voltage biasing some power is dissipated as heat, this power is
supplied initially to the electrons in the metal and is transmit-
ted to the bath by phonons. In thin films at low temperatures,
the wavelength of a thermal phonon is much less than the film
thickness so the temperature of the phonons is the same as the
temperature of the bath, the lattice temperature Tl . Then the
electron temperature is determined by the rate at which elec-
trons can transfer energy to the phonons which is given by
˙Qe−l = ΣV (T 5e −T 5l ), here V is the volume of N, Te(l) is the
electron (lattice) temperature and Σ is a material dependent
parameter.3 The final electron temperature Te is determined
by the energy-balance equation ˙Q(Te,Tl) + ˙Qe−l(Te,Tl) = 0,
where we set the temperature of the superconductor (TS) equal
to the bath temperature Tl . In order to understand the be-
havior of the final electron temperature, Fig. 3(c) shows Te
as a function of bias voltage for 4 different P in the case of
the starting lattice temperature Tl = 300 mK. The junction
parameters were taken according to experimental values:3,11
Σ = 2× 10−9 WK−5µm−3, V = 0.5 µm3 and assuming that
Al is the superconductor (∆ = 180 µeV). Fig. 3(c) shows a
remarkable reduction of Te, as we increase the value of volt-
age, the temperature tends to lower until it reaches a optimum
voltage (eV ∼∆0). We observe that the increment of P reduces
drastically the minimum electron temperature, i. e. T mine ∼ 50
mK for P = 1. In the inset of Fig. 3(c) we plot the minimum
electron temperature T mine vs the starting lattice temperature
Tl . The straight dotted line marked T mine = Tl as a reference.
The result indicates that in a wide T range, we can effectively
cool down the electron temperature of N.
In summary, we have proposed an electron-refrigerator
based on spin-filter barriers. Due to the suppression of the
Andreev Joule heating N/SF/S junctions can achieve values
for the cooling power higher than those predicted for conven-
tional N/I/S coolers. Refrigeration efficiency of 15% ∼ 23%
can be achieved by using well known spin-filters barriers, as
for example EuS/Al (P ∼ 0.86)14, EuSe/Al (P ∼ 1)21 and
GdN/NbN junction (P∼ 0.75).22 We also expect a similar ef-
fect using spinel ferrites (e.g., NiFe2O4)23,24 or manganites
(e.g., LaMnO3+δ and Pr0.8Ca0.2Mn1−yCoyO3).25,26 as spin-
filters. Our results open up a way to make efficient solid-
based refrigerators for the cooling of practical devices, like su-
perconducting X-ray detectors, single-photon detectors, mag-
netic sensors, nano electromechanical systems, and qubits.
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